Historical Perspective
Injuries to the gut mucosa have been of interest to clinicians for centuries. Among the case reports inscribed on the votive columns of the Asclepian temple at Epidaurus is the description of the cure of a patient with a gastric ulcer. 1 Many of the fundamental concepts of gut mucosal biology, including the development of experimental models for study, the identification of restitution and proliferation as separate and complementary processes, and the nature of gastric acid and pepsin secretion were identified before 1900. For instance, Friederich Gunzberg 2 proposed in 1852 that gastric acidity might cause ulcers. Experimental gut mucosal healing was first studied in 1863 when Pavy 3 studied the resolution of a surgically created gastric mucosal defect in a dog, and this seminal work was followed in 1888 by two important papers by Bizzozero 4 and Griffini and Vassale 5 pointing out the importance of restitution and mucosal proliferation respectively in healing mucosal wounds.
During the same era, the pioneering work of scientists like Bernard, Heidenhain, Langley, and Prout, along with clinicians like Beaumont and Cooper laid the groundwork for the study of the biochemistry of gastric secretion. During the first half of the twentieth century, Boris Babkin proposed that vagal stimulation released acetylcholine that stimulated histamine secretion that stimulated acid secretion. However, the absence of a pharmacological or surgical mechanism to block acid secretion or promote restitution impeded the application of physiological knowledge to the clinic. Thus, Babkin 6 felt compelled to apologize for the irrelevance of gastrointestinal (GI) physiology in 1934. "Whenever I speak before a medical audience on the physiology of the gastrointestinal tract, I feel somewhat guilty lest I be communicating things which have at present very little or no practical value. Gastroenterology today is chiefly an empirical sciencethe theory and the practice in the field of knowledge stand at the present so far apart."
In the mid-twentieth century, interaction between basic and clinical GI science became more pronounced and cross-fertilization accelerated progress. Billroth's original observation that a third of his gastrojejunostomy patients developed anastomotic ulcers laid the foundation for the Mann Williamson canine ulcer model that permitted the first systematic animal research into the genesis and treatment of peptic ulcer disease. In turn, such physiological observations supported Lester Dragstedt's work 7 championing surgical vagotomy as the first definitive treatment for peptic ulcer disease and ultimately led to the development of H2 blockers by James Black in 1972. 8 GI cell biologists of the current era should also recall that modern work on humoral effects in the gut was presaged by clinical observations on the effect of pregnancy on ulcer disease and by animal studies demonstrating that urogastrone, a factor in urine more accurately known today as epidermal growth factor (EGF), inhibited gastric secretion and promoted ulcer healing in canine models. The history of this work and indeed of GI secretory research in general during this era has been elegantly reviewed by Davenport in his book, 9 to which the above discussion is indebted.
The initial interest of students of mucosal injury concentrated on the factors that might injure the gut mucosa and how they could be blocked, including acid, pepsin, bile acids, non-steroidal anti-inflammatory drugs, and other noxious agents. However, the gut mucosa is constantly subject to injury during normal function, 10 leading many mucosal biologists to shift focus from how the gut is injured to how and why it heals (or fails to heal). Among the recent advances in this regard have been the description of adaptive cytoprotection by mild exposure to noxious irritants by Robert, 11 studies of the matrix-driven and growth factor-modulated signal transduction events that regulate mucosal cell motility and proliferation, [12] [13] [14] [15] [16] [17] [18] and most notably the recent shift in emphasis to the effects of H. pylorii and non-steroidal anti-inflammatory drugs on mucosal healing. These studies were inspired by clinico-pathological observations and clinical science and have more recently inspired a legion of investigators to begin to characterize the effects of H. pylorii toxins at the basic science level. Conversely, however, the elucidation of the basic cell biology of growth factor effects on gut mucosal healing has yet to achieve clinical application.
Mucosal Healing versus Submucosal Angiogenesis
Although much of the work that has been done on mucosal healing has focused on the renewal of the mucosa, the hypothesis that angiogenesis is required to support mucosal reconstitution is an attractive one. In this issue of The American Journal of Pathology, Baatar and colleagues 19 describe the induction of vascular endothelial growth factor (VEGF) expression by a hypoxia-inducible transcription factor (Hif-1␣) in an rodent ischemic esophageal ulcer model and demonstrate that a single local injection of a cDNA for VEGF enhances angiogenesis and accelerates esophageal ulcer healing. The manuscript should be read together with another recent publication by the same group 20 in which they describe similar efficacy for VEGF gene transfection in ischemic gastric ulcers. (The authors correctly point out the substantial differences in anatomy between esophagus and stomach, so that successful results in one organ would not necessarily predict results in another.)
These results are potentially exciting for at least three reasons. First, they appear to provide solid evidence for the importance of angiogenesis in the healing of esophageal and gastric ulcers. Second, the present report provides new information about the mechanisms that regulate VEGF synthesis in response to esophageal ulceration. Third, if extrapolated to human pathophysiology, these results appear to predict that a novel approach, a single endoscopic VEGF cDNA injection, might accelerate the healing of mucosal injuries in the esophagus and stomach. Extrapolation to mucosal lesions in other organs (ie, duodenal ulceration) or from other pathologies (ie, inflammatory bowel disease) would be premature but would merit further study. Each of these issues merits comment.
Angiogenesis in Mucosal Healing
Any physician who has watched an open wound fill with granulation tissue has observed angiogenic wound healing at the macroscopic level, but angiogenesis is obviously critical not only for filling in space but also for supporting the healing of the overlying epithelium. It does so by constructing a matrix substrate across which restitution can occur and by providing a mechanism for nutrient and oxygen delivery to the new epithelium. The importance of this process was presaged by Longmire's 21 demonstration a half century ago that mucosal restitution is more rapid in experimental canine ulcers if the muscularis mucosae is left intact.
At its simplest, angiogenesis is the production of new blood vessels, an expansion of the vascular system from its existing plexus. It occurs in settings as diverse as neoplasm, corneal neovascularization, wound healing, arthritis, and surgical adhesion formation. Although the stimulation of angiogenesis has long been ascribed to "ischemia" and "inflammatory mediators" on clinical and teleologic grounds, the initial delineation of the angiogenic effects of growth factors such as fibroblast growth factor (FGF) opened up a new paradigm for study. Understanding of the role of angiogenesis in wound healing was then dramatically enhanced by the identification of the VEGF family of peptides. 22 Although the mechanisms by which VEGF supports angiogenesis remain an active subject for investigation, at least one mechanism involves the protection of new endothelial cells uncovered by pericytes. 23 VEGF stimulates expression of antiapoptotic proteins such as Bcl-2 and A1 in these cells. 24 There is little information about the role of angiogenesis in the healing of esophageal mucosal injuries. Koukourakis and colleagues 25 have reported that oral administration of a stabilized preparation of granulocyte macrophage colony-stimulating factor (GM-CSF) ameliorates radiation-induced esophagitis in patients undergoing radiotherapy, and have attributed this effect to the promotion of angiogenesis by this factor. Interestingly, Barrett's esophageal epithelium is characterized by overexpression of VEGF in the Barrett's-specific goblet cells and strong neovascularization even in the absence of visible esophageal mucosal injury. 26 However, both angiogenesis and VEGF have been observed in healing gastric mucosal ulcers, and indeed, neutralizing anti-VEGF antibody significantly reduces the angiogenic response to gastric mucosal necrosis induced by luminal ethanol in rats. 27 In addition to extending the concept of promoting mucosal healing via angiogenesis to the esophagus, the recent work by Tarnawski and colleagues goes beyond this previous work in demonstrating that specific promotion of angiogenesis by VEGF gene induction can accelerate the healing of a mucosal injury. Thus, VEGF-induced angiogenesis does seem to promote the healing of at least some esophageal and gastric mucosal injuries. Which of the two VEGF receptors is involved and what signals mediate the VEGF effects of gut mucosal angiogenesis remain to be established.
This finding, while important, certainly does not render irrelevant all of the work that has been done in understanding mucosal re-epithelialization. Dysregulated angiogenesis is likely to be complementary to deficient epithelial restitution and proliferation rather than a competing cause of poor mucosal healing. Indeed, growth factors such as EGF and hepatocyte growth factor (HGF) that stimulate restitution also stimulate VEGF expression in primary gastric epithelial cells in culture , 28 further suggesting the possibility of synergy between these processes.
VEGF Synthesis
Hypoxia (as well as some growth factors and activation of some oncogenes) results in increases in the level of hypoxia-inducible factor 1 (HIF-1). 29 In view of the known propensity of diabetics to poor wound healing, it is also interesting to note that insulin is one of the peptides which activates HIF1 under normoxic conditions. 30,31 AP-1 is also activated by hypoxia in some cell lines and may act synergistically with HIF-1. 32 HIF-1 consists of two subunits, HIF-1␣ and HIF-1␤, and has variously been reported to be induced by PI3-kinase/ Akt signaling 33, 34 or MAPK signaling 32, 35 in response to diverse stimuli. The two pathways may be synergistic, as they act on different domains of HIF-1␣. 36 Sen and colleagues 37 have hypothesized that reactive oxygen species released by neutrophils and macrophages recruited to wounds may also induce VEGF expression in epithelial keratinocytes independently of HIF-1 via Sp1 activation. HIF-1␤ is constitutively expressed but HIF-␣ is an unstable protein, so that HIF-1␣ levels generally regulate HIF-1 activity. HIF1␣ undergoes rapid proteasome-dependent degradation in a ubiquitin complex associated with the von Hippel Lindau (VHL) tumor suppressor protein. Heat shock protein 90 may act as a chaperone to promote this interaction and further accelerate HIF-1␣ degradation. In addition, HSP90 may inhibit HIF-1␣ transcription. 38 Increases in active HIF-1 in turn increase the levels of various gene products, including VEGF. At least one report suggests that HIF-1 may also stabilize VEGF mRNA. 39 In some systems, HIF-2␣ induction has similar effects to those reported for HIF-1␣ induction in other systems, and the relative contributions of these two subunits in vivo may vary with the cell type and stimulus. 40 Smad-mediated TGF-␤ signaling may also be synergistic with hypoxic HIF activation in some settings and HIF-1␣ associates with Smad3. 41 The study by Baatar and colleagues 19 in this issue of The American Journal of Pathology demonstrates that HIF-1␣ is activated in parallel with VEGF mRNA and protein levels in the setting of esophageal ulceration induced by serosally applied acetic acid. The relative contributions of the additional signal elements delineated above to this effect remains to be delineated.
Clinical Relevance
Thus, the work by Baatar and colleagues 19 represents interesting science. Is it relevant? We must first consider whether the model used appears likely to resemble human pathophysiology and second whether it points the way toward potential therapeutic intervention.
It should be pointed out that this study has been performed in an ischemic ulcer model, based on serosal and transmural chemical injury by acetic acid. These results might not necessarily extrapolate to non-ischemic ulcers associated with luminal noxious agents such as acid, pepsin, bile, NSAID's, or H. pylorii. Indeed, normoxic regulation of VEGF secretion has been reported to differ from that which occurs during hypoxia once hypoxia-inducible factors become involved. 42 This does not invalidate the importance of the current result, but it does require caution in extrapolation. Acute ethanolic gastric mucosal injury in rats also stimulates HIF-1-␣ at the edge of acute gastric ulcers 43 while VEGF has been reported to be up-regulated in active gastric ulcers. 44 Furthermore, there is some evidence that angiogenic peptides can accelerate healing of alcohol-induced or cysteamine-induced ulcers. 45, 46 However, of some concern in this regard are recent observations by Konturek and colleagues 47 in a similar serosal acetic acid model of gastric ulceration in rats. These investigators reported that intraperitoneal injection of E. coli lipopolysaccharide resulted in further up-regulation of VEGF but inhibition of ulcer healing. Endotoxin injection produces numerous effects other than VEGF induction that could have opposed the promotion of healing by VEGF, and certainly the promotion of ulcer healing in such models by VEGF gene induction is more specific. However, such observations suggest the complexity of the in vivo situation and the difficulties of extrapolating from a pure laboratory model to a more complex setting. Interestingly, VEGF secretion by gastric epithelial cell lines may also be increased by aspirin, 48 a seemingly paradoxical effect, while indomethacin inhibition of ulcer healing in the serosal acetic acid model is not explicable by VEGF effects. 49 Portal hypertensive gastropathy is also characterized by increased VEGF. 50 Another concern that should be raised is that these studies, like most animal studies of mucosal injury, are based on an acute injury. However, acute mucosal injuries in humans (and likely in animals) generally heal spontaneously. Pathophysiologically important ulcerations are those which fail to heal and become chronic. Whether VEGF plays a similarly important role in the pathobiology of such chronic mucosal wounds must also await study.
If VEGF is important in chronic esophageal mucosal ulcerations or those elsewhere in the GI tract, would VEGF gene therapy make clinical sense? Again, the data appear promising, but numerous cautions must be raised, some practical, and some theoretical.
The strength of this approach is that only a single dose is required and that gene expression is transient, long enough to accelerate ulcer healing, but hopefully not long enough for side effects. However, would this accelerate healing of a chronic ulcer in the setting of chronic ulcerogenic stimulation, as opposed to a single acute ulcerogenic injury? There are also likely to be important technical differences between transluminal endoscopic injection into an established ulcer bed characterized by inflammation, exposure to luminal contents and acid, and probably a fair amount of DNase activity (as would presumably have to be done for clinical use of such a technique) and transserosal injection before the actual ulcer formation, as was done here. In addition, whether VEGF itself would be the optimal gene to use for these purposes and whether naked gene injection might yield better results than other transfection techniques also awaits further study. For instance, Tarnawski and colleagues 20 have previously observed similar effects in the stomach with another growth factor, basic FGF, while others have proposed the use of an adeno-associated viral vector containing the VEGF gene under control of a cis-acting hypoxia-responsive element 51 or naked DNA encoding a HIF1a/VP16 hybrid alone or in combination with naked DNA encoding VEGF 52 in a different setting. Even if a single endoscopic VEGF cDNA injection could be shown to accelerate ulcer healing, this might not necessarily be a desirable event. Tarnawski's group 53, 54 has previously pointed out in the setting of duodenal ulcers that one must consider not only the speed at which the mucosa reconstitutes but the function of that mucosa, raising concerns about the "quality of ulcer healing" based on neomucosal architecture and differentiation in some settings. Would a more rapidly reconstituted esophageal mucosa be as functional as a barrier, for instance? There might also be other safety concerns. For instance, ulcerations in Barrett's esophagus may be a sign of malignancy. 55 VEGF treatment in this setting might be contraindicated not only because (like proton pump inhibitors in some malignant gastric ulcers) it might actually stimulate mucosal healing over a malignancy and thus mask a neoplasm but also because VEGF overexpression might facilitate tumor growth. Finally, even if proven safe and effective in humans, the role for such therapy would remain to be established within the context of more conventional therapy based on relative cost, efficacy, side effects, and safety.
Conclusion
In sum, there is certainly a great deal of work to be done before anyone seriously advocates injecting VEGF DNA into GI mucosal ulcers to heal them. Indeed the entire approach may turn out to be ineffective, expensive, or even dangerous. However, none of these concerns should detract from the essential accomplishments of the work by Baatar and colleagues. 19 Not only have they elucidated an important step in the healing of esophageal ulcers, but also this work may point the way to a closing of the gap between the basic science of mucosal healing and clinical application. Even if this turns out to be the wrong gene or the wrong method, this work suggests to the cynical clinician that there may be a point to studying all these proteins after all.
